This copy is for your personal, non-commercial The following resources related to this article are available online at www.sciencemag.org
Comment on "Deep-Sea Temperature and Ice Volume Changes Across the Pliocene-Pleistocene Climate Transitions" Jimin Yu* and Wally S. Broecker Sosdian and Rosenthal (Reports, 17 July 2009, p. 306) used magnesium/calcium ratios in benthic foraminifera from the North Atlantic to reconstruct past bottom-water temperatures. They suggested that both ice volume change and ice-sheet dynamics played important roles during the late Pliocene and mid-Pleistocene climate transitions. We present evidence that their record of deep ocean temperature is not reliable, thus raising doubts about their conclusions.
S osdian and Rosenthal (1) used magnesium/calcium (Mg/Ca) ratios in the benthic foraminifera Cibicidoides wuellerstorfi (epifaunal) and Oridorsalis umbonatus (infaunal) to derive a 3.2-million-year record of bottomwater temperatures (BWTs) for the deep North Atlantic. Combined with benthic oxygen isotope ratios (d 18 O), this allowed them to calculate deep seawater d
18
O values, which provide an estimate of ice volume changes. Based on this, they concluded that the increase in ice volume during the late Pliocene transition was caused by global cooling, whereas an additional change in ice-sheet dynamics was likely to have induced the shift to 100,000-year cycles at the mid-Pleistocene transition. Here, we argue that their reconstructed down-core BWTs are not reliable, and therefore their conclusion is not substantiated and should be considered with caution.
The regional Mg/Ca-temperature calibration [Mg/Ca = 0.15 × BWT + 1.16 (Eq. 1)] used in (1) is defined by the regression of two data points: their core-top Mg/Ca and modern BWT versus Mg/Ca and an estimated BWT during the Last Glacial Maximum (LGM). We use published core-top and down-core data to demonstrate that this method is not valid. Because of incomplete information about past deep water conditions, a baseline is that a robust BWT reconstruction method should produce BWTs for core-top samples from extensive geographic regions closely matching modern values within the cited error. It is not acceptable to obtain seemingly reasonable results for only one core. Equation 1 does not fit core-top C. wuellerstorfi and O. umbonatus samples from global oceans (2-4) (Fig. 1A) . Applying Eq. 1 to these two species shows large BWT deviations from expected temperatures (5) (Fig. 1B) . The difference is not randomly distributed and is up to 5°C with an average estimation error of T2.7°C, significantly larger than the T1.1°C error quoted in (1) . Application of Eq. 1 to a 2-km water depth core BOFS 11K, which is located at the same region as the cores used in (1), yields a~2°C warmer BWT at the LGM than that during the Holocene, clearly at odds with benthic d
O and colder
LGM BWT estimated by porewater measurements (6) (Fig. 1D) . Therefore, Eq. 1 used by (1) lacks support from both core-top and downcore data sets.
Different from the planktonic foraminiferal and inorganic carbonates, C. wuellerstorfi and O. umbonatus from global oceans show no clear relationship between their Mg/Ca and growth BWTs in the range of -1°C to 4°C (2-4) (Fig.  1A) negligible dependence on BWTs (2). Based on a comprehensive sensitivity test on a sequence of cores from 1-to 4-km water depth in the North Atlantic, it has been shown that it is not possible to use C. wuellerstorfi Mg/Ca for down-core BWT reconstructions even with the information about deep water DCO 3 2− from an independent proxy (2). Deep North Atlantic waters (>~3 km water depth) are expected to have high DCO 3 2− during the interglacial and low values during glacial periods (2). This DCO 3 2− change could partially explain the lowered benthic Mg/Ca during glacial periods observed in cores used in (1) .
Obtaining BWT and ice volume changes is important for understanding the mechanisms responsible for climate changes in the past. The precondition is to use a robust method and fully consider possible complicating factors. The fact that Eq. 1 proposed by Sosdian leads to an increasingly higher offset of Mg/Ca data from the expected warm-temperature calibration line (4, 5) . Deep Sea Drilling Program (DSDP) site 607 (41°N, 32°W; water depth 3427 m), which we studied in (2) , is characterized by modern bottom-water temperature (BWT) = 2.6°C and ∆CO 3 =~33 mmol kg −1 and therefore is currently minimally affected by the [CO 3 ] ion effect (4, 5) . This was likely also the case for other interglacials, and hence the uncertainty in reconstructing interglacial BWTs is relatively small. The largest uncertainty in our reconstruction (2) is, therefore, associated with reconstructing BWTs during the late Pleistocene glacial TECHNICAL COMMENT (11); recalculated using calibration from 12)], and porewater estimates for the North Atlantic (triangles) and South Pacific Ocean (circles) (6) . Note the consistency among all the records, suggesting that during glacial maxima BWTs were similar and close to freezing in all sites, in agreement with conclusions derived from porewater data for the LGM. (B) Alkenone-derived SST record from the highlatitude North Atlantic ODP site 982 exhibits significant coherency in both the long-term trend and G-I variability (16) . LGM-HL change in [CO 3 ], which is larger than current estimates of 10 to 25 mmol kg −1 (7) (8) (9) . In our report (2), we accounted for the [CO 3 ] ion effect by using apparently greater temperature sensitivity of~0.15 mmol mol −1 per°C, which yields similar LGM-HL change of 3.3 T 1.1°C.
The above comparison demonstrates that 70% of the LGM-HL Mg/Ca signal at site 607 is attributable to changes in BWT, in contrast to Yu and Broecker's contention that carbonate ion changes primarily influence the Mg/Ca record at site 607 whereas BWT has only a weak effect. Nonetheless, we agree with Yu and Broecker that additional estimates of changes in [CO 3 ] saturation could reduce the uncertainty in our BWT reconstruction (estimated at T1.1°C). In the absence of these, we validate our 3.2-million-year reconstruction by comparing it to other climate records. Our temperature record suggests that climate cooling over the past 3.2 million years occurred primarily through two distinct events associated with the late-Pliocene and midPleistocene shifts in the global d 18 O b record in frequency, average long-term trend, and glacial-interglacial (G-I) amplitude, and are consistent with the low-resolution ostracod temperature record from this site (10) . In contrast, the lack of coherency and synchronicity between Mg/Ca, d 13 C (as a nutrient/[CO 3 ] analog) and deep Atlantic dissolution records across the Pleistocene suggests that saturation changes do not dominate the Mg/Ca variability at this site (2) . Furthermore, our BWT reconstruction is consistent with other late-Pleistocene benthic foraminiferal Mg/Ca-derived BWT records from the Atlantic, Southern, and Pacific Oceans despite different carbonate histories in each basin (Fig. 1A ) (11, 12) and with estimates based on d
18 O b in benthic foraminifera, suggesting G-I temperature variability of 2 to 4.5°C (13, 14) . Of particular interest is the coherency and synchronicity (relative to d This record is derived from the benthic foraminifer Uvigerina sp., a species that is allegedly "free" of [CO 3 ] ion effect (12) , and thus supports the application of our site-specific calibration.
The timing and magnitude of temperature change in our BWT record (2) show strong similarity with high-latitude sea surface temperature (SST) records across the Pliocene-Pleistocene climate transitions and on G-I time scales, indicating that our BWT record is indeed capturing variations in the temperature of high-latitude source waters (Fig. 1B) (15, 16) . Notably, the agreement holds for both interglacial (when [CO 3 ] effect is minimal) and glacial (when [CO 3 ] effect is the largest) intervals. These lines of evidence and the consistency between our results and other late Pleistocene sea-level reconstructions (2) suggest that we are correctly accounting for changes in carbonate saturation and that therefore, within the quoted errors, our BWT reconstruction is valid.
